Quorum sensing (QS) is known to regulate different functions viz. pathogenesis, biofilm formation, and host colonization, along with other functions by regulating bacterial virulence determinants. Therefore, QS is deemed to be an interesting target to modulate pathogenesis. Also, there have been global reports of continuous emergence of antibiotic-resistant microbes; hence, an alternative treatment that compliments antibiotic activity is highly desirable. One such approach is to look for QS inhibitors, which can quench the virulence phenotypes exerted by pathogenic bacteria and compliment antibiotic treatment. In the present study, Pseudomonas aeruginosa strain was used as the model organism which produces three pigments viz. pyocyanin, pyoverdin and pyorubin. Pyocyanin synthesis is reported to be QS dependent and is one of the virulence factors of P. aeruginosa. Hence, we envisage inhibition of pyocyanin pigment would indicate QS inhibition (QSI). Auto-inducers like N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL/3-oxo-C 12 -HSL) and N-butyryl-L-homoserine lactone (BHL/C 4 -HSL) were used to enhance the pyocyanin pigment production by the model strain at different doses and time points. BHL, at 25 µM was found to be a better inducer of pyocyanin. Tannic acid (TA) was tested to suppress this pigment synthesis and it was found to be effective when assessed at different time points. About 5.12 mg/mL TA was found to be the optimum concentration at which pyocyanin was inhibited by 77.3%. Thus, we confirm that TA can be used as a QSI, either in its purest form or in the crude form found in various plant species, and could be considered for development to compliment antibiotic therapy.
Quorum sensing (QS) is a system through which bacteria communicate with each other. Bacterial species use QS to coordinate cell to cell signaling and gene expression according to their local population density [1] . Signaling is mediated by small diffusible molecules called inducers, usually oligopeptides and Nacyl homoserine lactones (AHLs) in Gram-positive and Gramnegative bacteria, respectively. Inducers are synthesized intracellularly throughout the growth of the bacteria and released into the surrounding environment [2] [3] [4] . Natural auto-inducers include OdDHL, BHL, and synthetic inducers include N-hexanoyl homoserine lactone (C 6 -HSL), N-3-oxo-hexanoyl homoserine lactone (3-oxo-C 6 -HSL) and N-octonoyl homoserine lactone (C 8 -HSL), among others.
QS regulates various multi-cellular behaviors like biofilm formation and maintenance, bacterial adhesion, swarming, and bioluminescence, which contribute to bacterial pathogenesis. Hence, QS regulation of bacterial virulence determinants can be used as an interesting target to attenuate pathogens. Moreover, global emergence of antibiotic-resistant pathogenic bacteria and multi-drug resistant bacteria are creating problems in healthcare management [2, 3, 5] . Therefore, complimentary treatment that supports antibiotic therapy and thus may avoid drug-resistance problems is highly desirable. Anti-QS molecules/QS inhibitors, which can quench the virulence phenotypes exerted by pathogenic bacteria, could be such a compliment of choice.
Pseudomonas aeruginosa, the model organism, produces a number of virulence factors, which after colonization cause extensive tissue damage, bloodstream invasion and dissemination [6] . Pathogenesis is based on multiple virulence factors: endotoxins, exotoxins, and enzymes. Its endotoxin causes the symptoms of sepsis and septic shock [7] . Most strains of P. aeruginosa produce two exotoxins, exotoxin A and exoenzyme S, and a variety of cytotoxic substances including phospholipases, pyocyanin and proteases; an alginate-like exopolysaccharide responsible for the mucoid phenotype. Proteases play a key role in chronic pulmonary colonization. The importance of these putative virulence factors depends upon the site and nature of infection [8] .
P. aeruginosa has been reported to produce three pigments, pyocyanin (non-fluorescent blue or blue-green), fluorescein/pyoverdin (fluorescent yellow) and pyorubin (nonfluorescent reddish brown). Pyocyanin pigment production takes place by rhl QS signaling system which consists of the transcriptional activator RhlR and the auto-inducer synthase RhlI, which directs the synthesis of BHL an auto-inducer [9] . The RhlR-C4-HSL complex regulates expression of rhlAB, required for rhamnolipid production, lasB, aprA, and the stationary-phase sigma factor RpoS, along with production of the secondary metabolites pyocyanin and cyanide [6, 10] . Pyocyanin (1) has been accounted as an important virulence factor for P. aeruginosa in hosts of multiple phyla. Several studies have demonstrated that pyocyanin (1) has a derogatory effect in cystic fibrosis (CF); hence it is often detected in the sputum from CF patients. It has been revealed in vitro to interfere with functions such as ciliary beating causing epithelial dysfunction leading to inability of the cilia to sweep mucus up the throat [11] . Moreover, neutrophil apoptosis [12] , immunoglobulin release from Blymphocytes and interleukin release [13] are all impaired by pyocyanin (1) causing the immune system of the lung to be weakened. It is also known to inhibit cellular respiration causing dysfunction of cystic fibrosis trans-membrane conductance regulator (CFTR) [14] . The intracellular concentration of ATP is also diminished causing further damage to CFTR, which is already impaired in cystic fibrosis. Hence, inhibition of pyocyanin pigment, a virulence factor, would serve as an indicator for QSI and would also help in the preliminary identification of QSI compounds.
Tannic acid, a plant derived compound, is a potential inhibitor of QS, and is also known to have anti-microbial and anti-biofilm properties in Staphylococcus aureus and P. aeruginosa [15] [16] [17] . In the present study it has been assessed for pyocyanin synthesis inhibition.
Axenic colonies of both P. aeruginosa ATCC 27853 and P. aeruginosa M35 were obtained by streaking on agarified Soyabean casein digest medium (SCDM) from their cryovial stocks maintained at -80°C. P. aeruginosa ATCC 27853 displayed green pigmentation by 24 h of incubation at 37°C, which was enhanced further till 66 h. However, the strain M35 did not display any pigment production, even up to 66 h. The viable count of P. aeruginosa ATCC 27853 was 2.98x10 8 CFU/mL and that of M35 was 3.08x10 8 CFU/mL. The λ max profile for P. aeruginosa ATCC 27853 pigment in the broth was 252 nm, 309 nm and 697 nm, which was parallel to the standard profile displayed by pyocyanin; i.e.; 238 nm, 322 nm and 720 nm. Hence, P. aeruginosa ATCC 27853 was used for all further studies. Further, we confirm that pyocyanin is extractable in chloroform (Data not shown).
Agarified KM-A and KM-B media supported blue-green pigmentation for P. aeruginosa ATCC 27853, but not for P. aeruginosa M35. KM-A broth was a better supporter of pyocyanin production as compared with KM-B medium. Hence, KM-A medium was used for all further experiments.
Pyocyanin content in the culture broth was estimated along with the growth curve, which indicated that pyocyanin synthesis was linear with growth up to 20 h. Later growth rate was found to decline, but pyocyanin synthesis continued at the same rate, linearly, probably because the threshold concentration of inducers had already been reached (Figures 2 and 3 ).
Both OdDHL (2) and BHL (3) are known AHLs which were reported to regulate pyocyanin synthesis. AHL-based regulatory systems typically rely on two proteins, an AHL synthase, usually a member of the LuxI family of proteins, and an AHL receptor protein belonging to the LuxR family of transcriptional regulators. At low population densities cells produce a basal level of AHL via the activity of AHL synthase. As the cell density increases, AHLs accumulate in the growth medium, which on reaching a critical threshold concentration will bind to its cognate receptor, which in turn either activates or inhibits expression of target genes like pyocyanin synthesis [18, 19] . OdDHL depends on the las system and BHL on the rhl system. From the present study, it was found that BHL was a better inducer than OdDHL at the concentration of 25 µM (Figure 4 ). This finding could be accounted to the fact that BHL directly regulates pyocyanin synthesis [18, 19] .
In a study by Eberl et al. [20] , it was reported that some polyphenolic compounds having a gallic acid moiety, like epigallocatechin gallate, ellagic acid and tannic acid that are commonly produced by various plant species, specifically block AHL-mediated communication between bacteria. In our study tannic acid (4) was found to be an inhibitor of pyocyanin (1). Moreover, TA was initially screened by agar well diffusion bioassay to check its in vitro antibacterial potency, and concentrations lower than the concentration at which antibacterial activity was seen were used for QSI testing.
We found that BHL (3) at the concentration of 25 μM improved the pyocyanin content by approximately 1.44 fold compared with the control. Further, it can be observed that with the increase in TA concentration there was a decrease in pyocyanin content, with the maximum decrease of 77.3% at 5.12 mg/mL ( Figure 5 ). Thus, we confirm that TA is a potential inhibitor of pyocyanin synthesis; hence it can be used as a QSI either in its purest form or in the crude form found in various plant species. It could thus be considered for development to compliment antibiotic therapy by attenuating virulence factors of bacterial infections.
Experimental

Micro-organisms:
Pseudomonas aeruginosa ATCC 27853 was purchased from the American Type Culture Collection (Rockville, MD) and P. aeruginosa M35 was an in house culture strain in the strain bank of Piramal Enterprises Limited, Mumbai. Cells were routinely cultured in SCDM (HiMedia laboratories, M011).
Chemicals:
N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL/3-oxo-C 12 -HSL) and N-butyryl-L-homoserine lactone (BHL/C 4 -HSL) synthetic inducers were procured from Sigma-Aldrich and tannic acid (HiMedia laboratories, RM7541). Chloroform, 0.2 M HCl and saline were also used.
Instruments used: UV-VIS spectrophotometer (JASCO) with path length-1 cm, Hermle high speed refrigerated table top Centrifuge-Z36HK
Inoculum optimization: P. aeruginosa ATCC 27853 and M35 strains were streaked on agarified SCDM plates, incubated at 37°C overnight and the pure colonies were isolated. A single colony was streaked on SCDM plates and incubated for 18 h at 37°C. A loopful of the culture was mixed in 2 mL of sterilized saline and the absorbance was adjusted to 1 at 560 nm for both culture strains. This culture suspension was serially diluted and 10 -4 , 10 -5 , 10 -6 , 10 -7 , and 10 -8 dilutions were spread in duplicate on the agarified SCDM plates and incubated at 37°C overnight. Plates containing colonies in the range of 10 -300 were considered for documentation. Pyocyanin spectrum assay: Both Pseudomonas strains that were grown on agarified KM-A and KM-B media for about 66 h were cut at the pigmented cell free region of the T-streaked plate. The pieces were suspended in 5 mL of distilled water and chloroform separately for 1 h to facilitate diffusion of the blue pigment, pyocyanin, into solvents. The suspension was filtered through Whatman-1 filter paper. The spectrum of each filtrate was determined by using a UV-VIS spectrophotometer in the wavelength range of 200-800 nm.
Pyocyanin pigment production on agarified and broth media:
Simultaneous monitoring of pyocyanin content along with the growth curve:
An actively growing log phase culture of P. aeruginosa ATCC 27853 was obtained by streaking the strain on slants and further re-streaking the slant growth on agarified SCDM, which was then incubated overnight at 37°C. One hundred mL capacity conical flasks containing 20 mL of KM-A broth was inoculated with 200 μL of the saline suspension of the test culture whose absorbance was adjusted to 1 at 560 nm (≈10 6 CFU/mL of medium in each flask). All flasks were incubated at 37°C on shaker incubator at 150 rpm. Whole broth was harvested at 0, 16, 20, 24, 36, 48 and 60 h. Viable count and pyocyanin content were evaluated at all the time points.
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For pyocyanin estimation assay, the culture broth was centrifuged at 5000 rpm for 10 min to obtain the cell free supernatant. About 5 mL of supernatant was mixed with 3 mL of chloroform vigorously. The organic layer containing the pyocyanin pigment was separated, mixed with 1 mL HCl (0.2 M) and centrifuged at 8000 rpm for 10 min at 28°C. Absorbance of the HCl layer was measured at 520 nm against 0.2 M HCl as blank. Pyocyanin concentration was expressed as µg of pyocyanin produced per mL of culture supernatant and was determined by multiplying the optical density at 520 nm by 17.072 [21] .
Influence on pyocyanin pigment by addition of inducers and inhibitors: P. aeruginosa ATCC 27853 was inoculated in KM-A broth and subjected to different concentrations of inducer (1 µM, 5 µM and 25 µM) and TA inhibitor (0.16 mg/mL, 0.32 mg/mL, 0.64 mg/mL, 1.28 mg/mL, 2.56 mg/mL, 5.12 mg/mL). The suspension was incubated for different time intervals at 37°C on a shaker incubator at 150 rpm. Each of the different sets was harvested at different time points; i.e.; 0, 12, 16, 20, 24, 36, 42, 48, 60 and 66 h to obtain pyocyanin content.
Data analysis:
The results of the replicates were expressed as mean ± standard deviation.
